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Abstract
Polymer electrolyte membrane(PEM) fuel cells have higher eciency and energy
density and are capable of rapidly adjusting to power demands. Eective water
management is one of the key issues for increasing the eciency of PEMFC. In the
current study, a three-dimensional(3D) lattice Boltzmann model is developed to
simulate the water transport and oxygen diusion in the gas diusion layer(GDL)
of PEM fuel cells with electrochemical reaction on the catalyst layer taken into
account. In this paper, we demonstrate that this model is able to predict the
liquid and gas ow elds within the 3D GDL structure and how they change with
time. With the two-phase ow and electrochemical reaction coupled in the model,
concentration of oxygen through the GDL and current density distribution can also
be predicted. The model is then used to investigate the eect of microporous layer
on the cell performance in 2D to reduce the computational cost. The results clearly
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show that the liquid water content can be reduced with the existence of microporous
layer and thus the current density can be increased.
Keywords: Polymer electrolyte membrane(PEM) fuel cells, Lattice Boltzmann method,
Two-phase ow, oxygen diusion, electrochemical reaction
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1 Introduction
Proton exchange membrane(PEM) fuel cells are being accepted as a promising alterna-
tive clean power source for automotive, stationary and portable applications due to high
eciency and clean emission characteristics. However, some issues still remain to be re-
solved to further reduce the cost and enhance cell performance before practical use can
be realized. One important issue is water management which has been a crucial problem
for ecient operation of PEM fuel cells [1, 2]. Operation under high current densities
is required for improved cell performance, and a way to reduce the cost. However, high
current densities lead to large rates of water generation at the cathode. The presence of
water is benecial for ionic conductivity in the membrane. Nonetheless, excessive liquid
water could accumulate in the electrodes, which will impede reactant transport and re-
duce the surface area of the catalyst, causing severe performance losses. Therefore, it is
essential to understand the liquid water behavior in cathode electrode and its eect on
the performance of PEM fuel cells.
Experimental studies have been conducted to investigate the eect of liquid water ac-
cumulation on the PEM fuel cell performance. The X-ray radiography was used for
visualization of liquid water behavior in the operating PEM fuel cells [3,4] and provided
approximations for water cluster sizes and distributions within the GDL [5]. Moreover,
the eect of microstructure of PEM fuel cell porous layers on the liquid water transport
was investigated by X-ray radiography [6, 7]. High resolution neutron radiography can
also be used to capture the liquid water saturation proles in the electrodes of PEM fuel
cells [8]. The inuences of temperature, pressure and relative humidity on water content
was investigated. In a recent study, a method combined ex  situ X-ray tomography and
in operando neutron imaging is used to study the eect of gas diusion layer properties
on water distribution across PEM fuel cells [9]. In order to investigate the function and
mechanism of the gas diusion layer with micro-porous layer(MPL) to suppress water
ooding, the liquid water distribution at the surface of cathode catalyst layer and in-
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side the cathode MPL were observed by the freezing method and cryo-scanning electron
microscope(cryo-SEM) [10,11]. Water saturation in GDL aects the transport of oxygen
in the structure and the fuel cell performance. Therefore research has also been done
to measure the eective diusivity of oxygen within GDL. A novel, in operando and
complementary alternative technique for measuring the eective diusivity of partially
saturated GDL was reported [12]. In [13]'s research, the relationship between eective
diusion coecient and liquid water saturation was derived from limiting current exper-
iments. S.X.Wang and Y.l.Wang reported that the eective oxygen diusivity strongly
depend on the pore size distribution and water saturation distribution in the GDL, not
simply on the average porosity and average water saturation [14].
The above mentioned experimental techniques are very useful in revealing what's hap-
pening in the GDL. However, they are expensive to use, and requires careful experimen-
tal design, which means that they are not widely available to investigate various GDL
structures and experimental conditions. Computational approaches have been used to
attempt to provide an accurate prediction of liquid water distribution in gas diusion me-
dia(GDM)(which includes gas diusion layer and micro-porous layer) of PEM fuel cells.
There are two major approaches based on the continuum method for modeling the two-
phase ow in GDM, i.e. two-uid model [15{22] and multiphase mixture model [23{28].
However, continuum models have several limitations when considering micro-scale phe-
nomena during liquid water transport in porous media because the accurate prediction is
dependent on the correct liquid transport properties, such as capillary relationship and
the relative permeability and so on [1]. Thus, pore-network models [29, 30] have been
adopted to investigate micro-scale liquid water transport inside GDM. The change in
hydrophobicity is taken into account by changing randomly the fraction of hydrophilic
element in the network [29]. The developed pore network model is used to investigate
the impacts of mixed wettability on liquid water and reactant gas transport through
the GDL of PEM fuel cells [31]. The limiting eect of strongly hydrophobic sub-micron
pores on water transport in MPL have been investigated in [32]. In [33]'s research, nano-
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tomography and pore-scale modeling were used to study the conict impacts caused by
the existence of hydrophobic micro-porous layer. Recently, a pore network model is de-
veloped to simulate the liquid water formation by vapor condensation in GDL of cathode
electrode with considering spatial temperature variations [34]. Although a useful tool, the
pore network model has its own limitation, by not able to capture the realistic structure.
In recent years, numerous investigations have shown that lattice Boltzmann models are
capable of simulating single-phase [35, 36] and multi-phase [37{47] ows in electrode of
PEM fuel cells. One of the advantages of the lattice Boltzmann model is that it can
solve equations in an arbitrary pore space geometry and topology rather than in a sim-
plication of the pore space geometry [48]. Therefore, LBM has been used to simulate
realistic structures. A three-dimensional lattice Botlzmann model was developed to sim-
ulate the single-phase ow in cathode electrode of a PEM fuel cell with considering the
electrochemical reaction in the catalyst layer [49]. Fluid ow and mass transport in the
gas channel and gas diusion layer of a PEM fuel cell were simulated by coupling nite
volume method and LBM scheme [50, 51], which not only can capture the pore-scale
information of uid ow and species transport but also can save the computational re-
sources. The eective transport properties were calculated with lattice Boltzmann model
in compressed GDL [52]. It is found that the results agree well with a trend based on
the Kozeny-Carman equation. Moreover, LBM model was used to study the liquid water
distribution in electrode. A lattice Boltzmann model to study the inuence of the pore
structure and surface wettability on liquid water transport and interfacial dynamics in
the PEM fuel cell catalyst layer and gas diusion layer is presented in [53]. The eects of
the wettability and the anisotropic characteristics on relative permeabilities of the GDL
were investigated by using the free energy multi-phase LBM [54]. Moreover, the capillary
pressures in a carbon paper used as the GDL of PEM fuel cells were investigated and
the results from LBM simulations are in good agreement with what was obtained by
experiment [55]. Kim et al. [56] investigated the liquid water transport in the MPL and
GDL of PEM fuel cells by using LBM. Jeon and Kim [57] revealed that the compression
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ratio signicantly aects the water transport in the GDL.
All of the previously mentioned studies have revealed remarkable results for liquid wa-
ter transport in porous electrodes of PEM fuel cells. However, to evaluate the eects
of dynamic behavior of liquid water transport on the fuel cell performance, multi-phase
LB simulation coupled with electrochemistry is needed. To the best of our knowledge,
there are no LB numerical models presented in the literature that take into account the
mass transfer and electrochemical reaction during the dynamic process that liquid water
transport in porous electrode of PEM fuel cell. In this paper, a three-dimensional lattice
Boltzmann model is proposed to simulate liquid water transport in gas diusion layer of
PEM fuel cell with electrochemical reaction on the catalyst layer and oxygen diusion
in GDL are taken into account in transient state. The liquid water distribution in GDL
is correlated directly with performance of the PEM fuel cells. Then, the proposed LBM
model will be adopted to study the eect of micro-porous layer on fuel cell performance.
The rest of the paper is organized in four sections. In Section 2, the method to generate
three-dimensional GDL is introduced. In Section 3, the numerical methods for simulation
of multi-phase ow, mass transport and electrochemical reaction are presented, followed
by numerical investigations on the eects of liquid water transport and micro-porous layer
on fuel cell performance in Section 4. Finally, conclusions are presented in Section 5.
2 Three-dimensional reconstruction of GDL microstruc-
ture
The three-dimensional reconstruction of GDL is based on the statistical information of
the GDL microstructure. Comparing with the reconstruction based on the tomography
images, the stochastic generation has the advantages of low cost and easy implementa-
tion, which make it become a more convenient choice for simulation study. The stochastic
generation methods were used to reconstruct the GDL microstructure in most of three-
dimensional lattice Boltzmann simulations [35, 47, 49]. The following assumptions are
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made in the three-dimensional reconstructed process:(a) carbon bers in GDLs are cylin-
ders having a xed and uniform radius; (b) No ber is orientated for the through-plane
direction(i.e.along the Z axis) and intersecting carbon bers are randomly distributed in
the in-plane direction(i.e.in the X-Y plane); (c) bers are allowed to overlap. The recon-
struction procedure is started with construction of single carbon ber layer which can be
generated by locating bers with random positions and angles until the required porosity
in this layer is achieved. Then, the reconstruction of GDL is implemented by piling up
several carbon ber layers. Fig. 1 shows a three-dimensional reconstructed GDL with
ber diameter of 7 m, porosity of 0.7 and total layer number of 14, which is consistent
with the structure of GDL used in experiments. Note that the GDL structure simulated
in this work neglects the binder and has a uniform contact angle for the entire structure.
This is to simply the model and reduce the computational demand, and is an approach
taken by other researchers. We recognize that this does not reect the non-uniform hy-
drophobic properties of the GDL structure introduced by the binder. In the future, we
plan to add the eect of binder in the GDL structure and use a distribution of contact
angle to represent the more realistic structure.
3 Numerical model
3.1 Simulation of multi-phase ow
In this paper, a three-dimensional single-relaxation-time(SRT) pseudopotential Lattice
Boltzmann model with Guo's forcing scheme [58] is adopted to simulate the liquid water
transport in GDL of PEM fuel cells. The model has been validated in our previous
work [59{61].
3.1.1 Incorporation of the force term
In the LBM model, the motion of a uid is described by a set of discrete single-particle
density distribution functions. According to the Guo's forcing scheme [58], the particle
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distribution function with single relaxation time can be written as
f(x+ et; t+ t) = f(x; t)  1

[f(x; t)  f eq (x; t)] + F ; (1)
where f is the particle distribution along the th direction and f
eq
 is the equilibrium
distribution, t is the time step, e is the particle velocity in the th direction, and  is
the single relaxation time. The forcing term F  is given by
F  = (1  1
2
)w[
e   v
c2s
+
(e  v)
c4s
e]  F ; (2)
where v is the velocity, cs = c=
p
3 is the lattice sound speed and c = x=t is the ratio of
the lattice spacing x and time step t. The equilibrium distribution function f eq (x; t)
in Eq. (1) can be calculated as
f eq = w[1 +
e  v
c2s
+
(e  v)2
2c4s
  v
2
2c2s
]; (3)
where w is the weighting factor. In this paper, the D3Q19 model will be adopted for
the 3D simulations. The discrete velocities and weighting factors for D3Q19 are given by

e0; e1; e2; e3; e4; e5; e6; e7; e8; e9; e10; e11; e12; e13; e14; e15; e16; e17; e18

=
266664
0 1 0 0  1 0 0 1 1 0  1  1 0 1 1 0  1  1 0
0 0 1 0 0  1 0 1 0 1  1 0  1  1 0 1 1 0  1
0 0 0 1 0 0  1 0 1 1 0  1  1 0  1  1 0 1 1
377775
(4)
and
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w =
8>>>><>>>>:
1=3;  = 0;
1=18;  = 1; 2; : : : ; 6;
1=36;  = 7; 8; : : : ; 18;
(5)
The corresponding macroscopic density and velocity are calculated by
(x; t) =
NX
=0
f(x; t); (6)
v(x; t) =
NX
=0
ef(x; t) +
F
2
; (7)
where N is the number of discrete particle velocities. The total force on each particle
F = F 1+F 2+F 3 includes the uid-uid cohesion F 1, the uid-solid adhesion force F 2
and the body force F 3.
3.1.2 Fluid-uid cohesion
Interaction forces for liquid-liquid, liquid-gas, gas-gas are described as follows. It is
commonly accepted that the segregation of dierent phases is microscopically due to the
long-range interaction force between the particles at site x and the particles at neighbour
sites x
0
[62]. The interaction force is dened as:
F 1(x) =   (x)
X
x
0
G(x;x
0
) (x
0
)(x
0   x): (8)
where G(x;x
0
) is Green's function and satises G(x;x
0
) = G(x
0
;x). It reects the
intensity of the interparticle interaction and it is given by
G(x;x
0
) =
8>>>><>>>>:
g
0
; jx  x0 j = 1;
g
0
=2; jx  x0 j = p2;
0; otherwise:
(9)
9
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
where g
0
is a constant equal to 1/18 in the current work. In Eq. (8),  (x) is the eective
mass, which is a function of the local density and can be varied to reect dierent uid
and uid mixture behaviors, as represented by various equations. The equation of state
(EOS) of the system is given by
p = c2s+
c0
2
g[ ()]2; (10)
and then the eective mass can be dened as:
 () =
s
2(p  c2s)
c0g
; (11)
where g=g
0
and c0=6.0 for the D3Q19, and p is the pressure. In Yuan and Schaefer's
study [63], ve dierent EOS were compared, and it was found that the Carnahan-Starling
(CS) EOS provided the maximum density ratio while maintaining small spurious currents
around the interface. Hence, the C-S EOS was adopted in our multiphase ow research,
which is expressed as:
p = RT
1 + b=4 + (b=4)2   (b=4)3
(1  b=4)3   a
2; (12)
with a = 0:45724R2T 2c =pc and b = 0:0778RTc=pc, where a is the attraction parameter,
b is the volumetric or repulsion parameter, and ! is the acentric factor. Tc and Pc
are the critical temperature and critical pressure respectively. The density ratio and
surface tension of the liquid are governed by the temperature T and parameters a and b
respectively. Substituting Eq. (12) into Eq. (11), we get
 () =
s
2(RT 1+b=4+(b=4)
2 (b=4)3
(1 b=4)3   a2   c2s)
c0g
: (13)
Unlike in the original pseudopotential two-phase LB model developed by Shan and Chen
[64], the value of the coecient of interaction strength g becomes unimportant. Indeed,
it is canceled out when Eq. (11) is substituted into Eq. (8). The only requirement for g is
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to ensure that the term inside the square root in Eq. (11) is positive, (i.e g = sgn(p c2s)
has to be stored when computing Eq. (11)).
3.1.3 Fluid-solid adhesion and body force
At the uid-solid interface, the interaction between the uid and the solid needs to be
considered. The force applied on a particle that comes in contact with the solid wall is:
F 2 =   (x)
X
x0
Gw(x;x
0
)w(x
0
)(x
0   x); (14)
where Gw(x;x
0
) denotes the intensity of the uid-solid interaction. For the D3Q19 model,
it is dened as:
Gw(x;x
0
) =
8>>>><>>>>:
Gwg
0
; jx  x0 j = 1;
Gwg
0
=2; jx  x0 j = p2;
0; otherwise:
(15)
Gw is the uid-solid interaction potential parameter, and dierent contact angles can be
obtained through its adjustment Gw. The term w(x
0
) in Eq.(14) is the wall density,
which equals one at the wall and zero in the uid. In addition to the interparticle and
wall forces, the body force can be simply dened as:
F 3(x) = (x)a: (16)
where a is the acceleration.
3.2 Simulation of mass transport
3.2.1 LBM for convection-diusion equation
The convection-diusion equation can be written as
@C
@t
+r  (Cu) = r  (DrC); (17)
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where D is the diusion coecient. For species transport, the evolution of lattice Boltz-
mann model is described by Dawson et al. [65]
c(x+ et; t+ t) = c(x; t)  1
D
[c(x; t)  ceq (x; t)]; (18)
where c is the concentration distribution function and D is the dimenionless relaxation
time. The relationship between D and D is D = (D  12)t=3. The equilibrium function
is specied as:
ceq = Cw[1 +
e  v
c2s
+
(e  v)2
2c4s
  v
2
2c2s
]; (19)
where C is the species concentration which is obtained by
C(x; t) =
NX
=0
c(x; t): (20)
3.2.2 Boundary condition
The Dirichlet boundary condition is applied on the wall concentration boundary condition
which can be described as @C
@n
= 0. To implement this boundary condition with LBM,
the distribution function entering from wall g  (x; t+ t) should be determined as [66]
g  (x; t+ t) =  g+ (x; t) + 2wCw: (21)
Here the wall boundary is static. However, the interface between liquid and gas moves
with a nonzero velocity uw. The distribution function entering from the liquid phase
should be corrected as [66]
g  (x; t+ t) =  g+ (x; t) + 2wCw  [1:0 +
(e  vw)2
2c4s
  vw
2
2c2s
]: (22)
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3.2.3 Relling scheme
Due to the moving of the liquid phase, some gas nodes can be covered by the moving
liquid phase. The concentration information at these nodes will be removed from the
species transport eld. On the other hand, when a grid point moves out of the liquid
phase region into the gas phase region to become a gas node, some number of unknown
distribution functions and concentration at this new gas node should be specied. In
current study, the averaged extrapolation relling scheme is adopted to obtain unknown
distribution functions c at xnew [67, 68]
c(xnew; t+ t) =
1
N
NX
n=1
c;i(xnew; t+ t); (23)
where N is the total number of possible extrapolation directions and c;i(xnew; t+ t) is
descried as
c;i(xnew; t+ t) = 2c(xnew + eit; t+ t)  c(xnew + 2eit; t+ t): (24)
3.3 Electrochemical reaction
The electrochemical reaction at the P M fuel cell cathode electrode only takes place in
catalyst layer(CL). In CL, oxygen reduction reaction occurs as follows
O2 + 4H
+ + 4e$ 2H2O: (25)
The electrochemical reaction occurs in catalyst layer is assumed to be a surface re-
action on a thin interface. The surface reaction is represented by boundary condition at
the bottom surface of domain as
 D@Cw
@n
= r
00
; (26)
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where r
00
is the reaction rate per unit area which is directly proportional to the current
density through r
00
= j=4F . Current density is a function of oxygen concentration and
activation over-potential through Butler-Volmer equation [69]. So, the rate equation for
the electrochemical reaction on the catalyst layer can be expressed as
r
00
= ksr
o; (27)
where o is the oxygen density on the catalyst layer and ksr is the rate constant of the
electrochemical reaction on the catalyst layer which is equal to [49]
ksr =
a
4F
(
jref
o;ref
)[exp(
fF
RuT
)  exp( rF
RuT
)]: (28)
where a is the roughness factor of catalyst layer, F is the Faraday's constant. jref is
the exchange current density . o;ref is the reference oxygen density. f is the transfer
coecient for the forward reaction. r is the transfer coecient for the reverse reaction
and  is the activation over-potential.
4 Simulation results and discussion
In this section, the developed lattice Boltzmann model is applied to numerical investi-
gations on cathode electrode of PEM fuel cells. Some preliminary results are presented
here to demonstrate the capabilities of the proposed model. Firstly, three-dimensional
simulation is presented to study the liquid water transport characteristics in cathode and
electrochemical performance of PEM fuel cells. Then, the eect of micro-porous layer
on the liquid water transport and electrochemical performance are investigated by two-
dimensional simulations to reduce the computational cost.
In this paper, the phase change processes that water vapor changes to liquid phase and liq-
uid water changes to gas phase are not taken into account. Although the vapor transport
together with temperature distribution is important for actual water transport phenom-
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ena through the MPL without any cracks, it is highly challenging to include this in the
LB model for a complex 3D porous structure and is recommended for the future develop-
ment. Our current model simplies the situation by simulating the liquid water transport
and gas transport only. It assumes that liquid water enters the cathode from random-
ly selected locations on catalyst layer. This is in line with an experimental study [70]
which shows that liquid water breakthrough from several points at the CL/GDL interface.
At the micro-scale, the electrochemical reactions happen in the porous CL structure to
produce water vapor. The vapor gas molecules will eventually form small liquid droplets
which then accumulate into bigger droplets, before entering the GDL structure from
individual local sites. The distribution of oxygen mole concentration in cathode will be
presented in simulations with oxygen reduction reaction occurs on CL, while the vapor
water distribution will not be calculated. Besides the above assumption, the following
assumptions are made during the simulations: the operation condition is considered as
isothermal; the physical properties of the liquid and gas are constant; the inlet ow rate
of liquid water is proportional to the average current density on CL; simulation for liquid
water transport are stopped after the liquid water in the GDL nds its own breakthrough
site, considering that the liquid water distribution and content inside the electrode on-
ly varies marginally with time after breakthrough [56, 57]. However, the calculation for
electrochemical reaction will continue until the distribution of oxygen mole concentration
achieve steady state.
4.1 Three-dimensional simulation of cathode in PEM fuel cell
4.1.1 Initial and boundary condition
A three-dimensional computational domain is shown in Fig.2(a). Liquid water enters from
the selected location on the catalyst layer (labeled as \reaction surface" in Fig.2(a)). Note
that in reality, liquid water may enter the GDL structure from a number of uncertain
locations on the catalyst layer. In this study, our purpose is to demonstrate the capabil-
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ity of the model for two-phase ow and electrochemical reactions. Therefore, a random
location(X=46,Y=76,Z=0) is selected for the entry point of liquid water, without trying
to represent the uncertain water entry locations. This allows the reactions to happen
on the rest of the CL surface. A non-wetting phase (liquid water) reservoir is added to
the porous electrode at the front end [53]. The inlet velocity is set up as 0.054m/s at
the beginning of liquid water invading into GDL. After that, the inlet ow rate is pro-
portional to the average current density on CL. A constant velocity boundary condition
proposed by Zou and He [71] is applied. Surface reaction on catalyst layer is represented
by boundary condition described in Eqs.(21) and (26). Constant oxygen mole concen-
tration is set up on the right surface(Z=130) which is shown as oxygen inlet in Fig.2(a).
Periodic boundary conditions are used on the sides of the domain(planes X=0, X=80 and
Y=0 and Y=80), while no-slip wall boundary conditions are used on the reaction surface
and the interface between bers and pore space. The half bounce back scheme in LBM
is applied on the wall boundary in this study. As shown previously, the wettability of the
Table 1: Values of simulation parameters for 3D case.
Quantity Value
Length of the domain 80m
Width of the domain 80m
Height of the domain 128m
Operating temperature 303.15K
Universal gas constant, Ru 8:314 J mol
 1K 1
Faraday's constant, F 96487C mol 1
Water surface tension 0:07118 kg s 2
Water vapor mole fraction in the inlet air 0.0
Oxygen mole fraction in the inlet air 0.21
Nitrogen mole fraction in the inlet air 0.79
Dynamic viscosity of liquid water/Dynamic viscosity of air, M 43
Diusivity of oxygen in air 2:138 10 5m2 s 1
Reference oxygen concentration, o;ref 10:875molm 3
Roughness factor, a 2000
Exchange current density , jref 1:3874 10 2Am 2
Transfer coecient for forward oxygen reduction, f 0.5
Transfer coecient for water electrolysis reaction , r 1
Activation over-potential,  0:3V
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solid surface can be controlled, by varying the parameter Gw(Eq.(14)). In this paper, the
contact angle is set up as 135 with Gw =  0:3.
According to experimental study, the liquid to gas phase-change becomes negligible at
low temperature of 30C [70]. To avoid the introduction of complex phase-change phe-
nomenon, the cell is chosen to operated at 30C in present work, which corresponds to
dynamic viscosity ratio M  43 achieved by the value of Tc=T = 0:79. In the LBM mod-
el, the simulation variables are in the lattice units instead of physical units. In order to
connect the lattice space to physical space, length scale l0 = 1:0 10 6m, time scale t0 =
7:78310 9s, mass scale m0 = 8:62310 16kg and mole scale mol0 = 9:687510 18mol
are chosen. With lattice space of l0 = 1:0  10 6m, the model is able to capture the
details of the structure accurately [49,50]. The value of simulation parameters are given
in Table 1. In the simulation, the Reynolds number(Re = uD=; is uid density, u is
liquid water inlet velocity, D is diameter of ber, and  is uid viscosity) and capillary
number(Ca = u=; is surface tension) in the cathode electrode are in the order of 10 4
and 10 5 respectively. These values are larger than the actual Reynolds number and
capillary number for operating PEM fuel cells. However, these values are small enough
to ensure the liquid water transport is mainly governed by capillary forces rather than
viscous forces [72]. The bond number is in the order of 10 5 in actual PEM fuel cells and
thus the gravity eect can be neglected. Initially, the inlet velocity of liquid water is set
up to be zero. Then the liquid water starts to penetrate into the GDL from injection site
with area of 100 m2 when steady distribution of oxygen mole concentration in cathode
and constant electrochemical reaction rate on CL are obtained after 46 104 lattice unit
time, as shown in Fig. 2(b). The steady distribution of oxygen mole concentration is in
good agreement with the previous simulation study [49], indicating the reliability of our
LBM model.
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4.1.2 Liquid water transport and electrochemical performance of cathode
Fig.3(a) and Fig.3(b) show the liquid water distribution and the corresponding water
saturation prole in a GDL obtained at dierent simulation times. The porosity of GDL
is 0.7 and the contact angle is set to 135 for all of the solid surfaces. Fig.3(a) shows the
time evolution of liquid water behavior. A velocity decided by average current density on
CL is specied at the injection site on CL to enable liquid water generated from the elec-
trochemical reaction to invade into the air-occupied GDL. As can be seen in the sequence
of images, the simulation starts from complete saturation of the gas phase. As the cap-
illary pressure increases, liquid water front start to invade through the pores and forms
convex water fronts due to hydrophobic carbon bers. Then liquid water selects prefer-
ential paths to the ow direction of in-plane(i.e.the X-Y plane) and through-plane(along
the Z direction) which has lower resistance force because of relatively large pore size and
less tortuous path. Several liquid water fronts are formed with water travels through
the pores between the carbon bers. At last, one of the several invading fronts reaches
the GDL/channel interface, eventually resulting in breakthrough of liquid water from
the GDL. The water saturation(Sw) in GDL is measured along the simulation time, as
shown in Fig.3(b). Water saturation is dened as the ratio of water volume to void vol-
ume. At the early stage, the amount of water penetration is very small which indicate
water invasion into the porous media is dicult due to hydrophobic carbon bers. Ini-
tially, the saturation increases gradually with the liquid water ow along the in-plane
direction. After that, there is a steep increase for water saturation gradient as water
ow through the path of through-plane directions. This dynamic behavior is repeated
until liquid water breakthrough from GDL. It is found that the gradient of the water
saturation gradually increases as the number of the ow path in the direction of in-plane
or through-plane increase with the liquid water transport in GDL. The liquid water even-
tually breaks through from the GDL and a droplet is formed in the gas channel. After
breakthrough, the liquid water in the GDL nds its own breakthrough site and the liquid
water saturation(Sw) inside the electrode is 0.23.
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Fig.4 shows 2D oxygen mole concentration distribution maps at dierent cross-sections
along the GDL through-plane direction obtained at dierent simulation times. The dark
blue area indicates that the oxygen concentration is zero as the area is occupied by water
and solids. Along the through-plane direction, the average oxygen mole concentration of
the X-Y plane is measured at several simulation times, as shown in Fig.5(a). The average
oxygen mole concentration is obtained by averaging the nonzero points on specied X-Y
plane. From the gas channel to the catalyst layer, mole concentration distribution of
oxygen decreases due to the oxygen consumption on the catalyst layer. The steady dis-
tribution of oxygen mole concentration in the GDL is achieved before liquid water starts
to ow into the GDL (40,000 lu time). The average mole concentration of oxygen decreas-
es along the through-plane(Z) direction, with a constant gradient, from 9:6875molm 3
at the oxygen inlet surface to 9:4405molm 3 at the CL surface. The constant gradient
is attributed to the GDL structure which is constructed based on a number of single
carbon re layers with the same porosity and thus the same eective diusivity. With
the increase of the liquid water saturation in the GDL, the available space for oxygen
transport reduces, due to the blockage of the diusion path to the reaction sites on the
CL by liquid water. The existence of liquid water will restrict the diusivity of oxygen
within the GDL thus the oxygen consumption for the electrochemical reaction on CL is
faster than the oxygen supply from the gas channel. So, as shown in Fig.4 and Fig.5(a),
the mole concentration of oxygen decreases within the GDL as the simulation time pro-
gresses. Fig.5(b) shows the average mole concentration of oxygen along the simulation
time at dierent X-Y planes. For a particular X-Y plane, a constant value is found for
the average oxygen concentration over a certain period of time. This is true for dierent
X-Y planes(i.e.dierent locations across the GDL through-plane Z direction). After that,
a pressure is build up within the structure to overcome the capillary pressure and the
liquid water starts to penetrate into GDL. The concentration of oxygen in the region
close to CL begin to decrease at earlier time.
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Shown in Fig.6 are current density distribution on the catalyst layer at dierent simula-
tion times and the average current density on CL along the simulation time is illustrated
in Fig.7. The average current density is obtained by averaging the current densities at
each position on CL. It is obvious that the electrochemical performance of cathode is re-
duced with the water accumulation in GDL. On one hand, the water accumulated on the
interface between CL and GDL decreases the reaction surface area, which will deteriorate
the cell performance. On the other hand, the water within GDL will impede the oxygen
transport to CL, thereby reducing the electrochemical reaction rate and performance of
cathode.
4.2 Eect of the micro-porous layer(MPL)
To investigate the eect of the MPL on the electrochemical performance of electrode,
simulation results from gas diusion media with and without the micro-porous layer will
Table 2: Values of simulation parameters for 2D cases.
Quantity Value
Length of the domain 300m
Height of the domain 275m
Thickness of GDL layer 200m
Thickness of MPL layer 75m
Operating temperature 303.15K
Universal gas constant, Ru 8:314 J mol
 1K 1
Faraday's constant, F 96487C mol 1
Water surface tension 0:07118 kg s 2
Water vapor mole fraction in the inlet air 0.0
Oxygen mole fraction in the inlet air 0.21
Nitrogen mole fraction in the inlet air 0.79
Dynamic viscosity of liquid water/Dynamic viscosity of air, M 43
Diusivity of oxygen in air 2:138 10 5m2 s 1
Reference oxygen concentration, o;ref 10:875molm 3
Roughness factor, a 2000
Reference current density, jref 1:3874 10 2Am 2
Transfer coecient for forward oxygen reduction, f 0.5
Transfer coecient for reverse oxygen reduction, r 1
Activation over-potential,  0:3V
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be compared.
4.2.1 Initial and boundary condition
Two-dimensional GDL computational domains are now used to evaluate the eect of MPL
on performance of electrode, as shown in Fig.8. The calculation domains are rectangular
with dimensions of 300m275m. The GDL in computational domains are generated
by randomly placing circular solid particles of 10 m diameter. The porosity of the GDL
layer is approximately 0.7, and the contact angle is set to 135. Two dierent structures
with the same porosity of 0.7 are generated, to demonstrate that the eect of MPL is
observed independent of a particular structure. For each structure, the cases with and
without MPL are investigated. For the gas diusion media with MPL, an MPL layer is
generated by randomly placing smaller circular solid particles of 5 m diameter intrudes
into the GDL. The porosity of the MPL is approximately 0.55, and the contact angle for
the MPL particle is the same as that of the GDL particles. Air can be regarded as a
continuum as the Knudsen number for air in the MPL is in the order of 10 2 [56]. Thus,
the no-slip boundary condition with the half bounce back scheme is applied on the wall
boundary in MPL.
Liquid water enters from the middle position of catalyst layer. The velocity boundary
condition and surface reaction boundary condition are the same as the methods used in
three-dimensional case. Constant oxygen mole concentration is set up at the upper edge.
Periodic boundary conditions are employed for the side edge of the domain. The value of
simulation parameters are given in Table. 2. The Reynolds number and capillary number
in simulations are controlled in the order of 10 4 and 10 5 which ensure the liquid water
transport is mainly governed by capillary forces rather than viscous forces.
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4.2.2 Eect of MPL on liquid water behavior and electrochemical perfor-
mance of electrode
Fig.9(a) presents the liquid water distribution inside dierent articial cathode. Liquid
water penetrate into GDL from the selected position(center position of bottom plane) of
catalyst layer and transport to the GC through breakthrough site. Snapshots of water
distribution in GDL(Fig.9(a)) are obtained after each liquid water cluster breakthrough
from GDL. In real PEM fuel cell operation, liquid water may transport to GDL from
more than one injection sites on CL. As the injection site increases, more water will
accumulate in GDL and eventually lead to severe performance losses. In current work, a
small part of electrode is selected so that the dynamic behavior of liquid water from one
injection site and its eects on the electrochemical performance of PEM fuel cells can be
clearly observed and investigated. Comparing the liquid water distribution inside cathode
with and without MPL, it is found that the MPL reduces the water accumulation in the
cathode and limits the water amount at the interface between the CL and the MPL. In
addition, the liquid water in the electrode without MPL is wider than the water spread
in the electrode with MPL. In the electrode without MPL, water is accumulated at the
CL/GDL interface, which stop oxygen transport to the CL and form liquid water lms on
the CL. In the electrode with MPL, the amount of liquid water in the MPL near the CL
is low but became higher toward the MPL/GDL interface. The liquid water in the MPL
and CL/MPL interface is much smaller than that at the MPL/GDL boundary. So, the
MPL functions as a capillary barrier that prevents the liquid water in the large pores of
the gas diusion layer from expanding and forming liquid water lms on the CL. Fig.9(b)
shows the oxygen mole concentration distribution after liquid water breakthrough from
GDL for dierent articial cathode. The mole oxygen concentration decreases from the
gas channel to the CL. The oxygen transport path to the reaction site seem to be blocked
by the liquid water and it prevents the reactant gases from reaching active sites in the
CL. Fig.10 shows the average current density on CL as a function of simulation time
for dierent articial cathode. At the beginning of the fuel cell operation, the average
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current density in the cathode without MPL is larger than that in the cathode with
MPL due to the additional resistance from MPL to oxygen diusion. However, with
the simulation process, the dynamic water accumulation could aect the reactant gas
transport and reduce the performance of fuel cells. It is shown in Fig.9(a) that without
the MPL more liquid water accumulates at the interface between the CL and the GDL.
This dierence in the water amounts at the interface is the cause of the dierences in cell
performance between cathodes with and without MPL. After a period of operation time,
with the accumulation of excess water in the cathode GDL, the average current density
in the cathode without MPL is lower than the average current density generated from
the cathode with MPL. From Fig.10, it can be found that the cathodes without MPL
need longer time to achieve steady state than the cathodes with MPL. This steady state
time corresponds to the instance that when the liquid water cluster is fully developed
inside the cathode and the breakthrough site is formed. Therefore, the existence of MPL
enhances water management and changes the processes of oxygen diusion so that it
make possible to maintain the cell performance under high current density operation.
5 Conclusions
In the current study, a 3D lattice Boltzmann model is reported to simulate liquid water
transport in gas diusion layer(GDL) of PEM fuel cells with electrochemical reaction on
the catalyst layer and oxygen diusion in GDL are being taken into account in transient
state. The liquid water accumulation at the CL/GDL interface is observed. It is observed
that the accumulation of liquid water in GDL and liquid water lm formed on CL reduce
the performance of fuel cells. Then, the proposed LBM model is applied to study the
eect of micro-porous layer(MPL) on fuel cell performance. The results show that the
existence of MPL improve the mass transport and enhance the performance of the PEM
fuel cells. It is observed that the MPL alters the liquid water distribution in the GDL.
The MPL reduce the water accumulation and the size of liquid water cluster which result
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in less water ooding in GDL, making the performance of the PEM fuel cell with MPL
better than that of the cell without MPL. On the other hand, the MPL suppresses water
accumulation on the CL surface due to smaller pore size in MPL, and this results in less
deactivated area on catalyst layer.
We have demonstrated the usefulness of the 3D LBM model capable of coupling multi-
phase ow with electrochemical reactions, for investigating the complicated physical and
chemical phenomenon and for electrode structure design in electrochemical devices. The
developed model in current work correlates the dynamic behavior of liquid water and
electrochemical performance of PEM fuel cells. The eects of the dynamic behavior of
liquid water with dierent porous electrode structure on the electrochemical performance
are examined. Based on the numerical method reported in the current study, the balance
of competing phenomena in designing the GDL of PEM fuel cell will be investigated in
future work. It is important to fully understand the eects of dynamics behavior and
distribution of liquid water in porous electrodes on cell performance. Incorporation the
pore-scale results to improve the predication capability of the continuum-scale models is
also highly desirable.
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